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Introduction Background
Mercury contamination from historic gold mining operations is widespread in many rivers, lakes, and reservoirs on the western slopes of the Sierra Nevada (Alpers and Hunerlach, 2000) . Miners used mercury (quicksilver) to recover gold from hardrock (lode) mines and from placer (alluvial) mines, where hydraulic, drift, and dredging methods were used. At hydraulic mining operations, placer ores were eroded with monitors (water cannons), and the resulting slurry was directed through sluices and drainage tunnels where gold particles were combined with liquid mercury to form gold-mercury amalgam. Bowie (1905) estimated that 10-30% of the mercury used in this process was lost each season, resulting in highly contaminated sediments downstream from mines. Annual loss of mercury from a typical sluice was likely several hundred kilograms during the operating season (Alpers and Hunerlach, 2000) . Churchill (2000) estimated that between 1848 and 1968, about 4.5 million kg of mercury was lost throughout California as a result of placer gold mining operations, including hydraulic, drift, and dredging activities. Operations at hardrock mines caused an additional 1.3 million kg (estimated) of mercury to be lost to the environment during the same period (Churchill, 2000) .
A significant event in the history of gold mining in California was the discovery of placer gold by John Marshall in January 1848 in the South Fork American River near Coloma. Extensive hydraulic mining of placer gold deposits took place in the American River watershed between the 1850s and 1884, with more limited hydraulic mining continuing until the 1930s. Hardrock mining of lode gold deposits in the American River watershed occurred from the 1880s until 1942. Dredging of placer gold deposits in the lower American River watershed took place from 1898 to 1956, the year that Folsom Dam and Nimbus Dam ( fig. 1) were completed. Nimbus Dam forms Lake Natoma, the 8,760-acre-ft reservoir that is an afterbay to Folsom Lake, a large reservoir with total capacity of 975,000 acre-ft. Cobble piles, the stacked waste from large-scale gold dredges, are conspicuous features on both the north and south shores of Lake Natoma. Such areas have elevated concentrations of mercury, and it is fairly easy to find elemental mercury and gold-mercury amalgam in the bed sediments of tributary creeks to Lake Natoma that traverse the mine waste piles.
Purpose and Scope
This report presents data on fish tissue that were gathered as part of a broader investigation of mercury dynamics and bioaccumulation in the lower American River watershed, specifically in areas near Folsom, California, that were historically subjected to gold dredging activities and are now partially urbanized. One specific objective of the investigation was to determine if total mercury concentrations in skinless fillets of selected sport fishes approach or exceed criteria for human health concerns set by the Food and Drug Administration (FDA) and the U.S. Environmental Protection Agency (USEPA). The FDA action level for methylmercury in fish is 1.0 µg/g wet weight, which is used to regulate the sale of commercially caught fish for human consumption (U.S. Food and Drug Administration, 1994) . The USEPA recently established a maximum methylmercury concentration of 0.30 µg/g wet weight as the fish tissue residue criterion for protecting human health (U.S. Environmental Protection Agency, 2001). Any human-health protection offered by the FDA action level and the USEPA residue criterion may be compromised if fish consumption rates or meal frequencies exceed assumed levels.
Methods
During August 2000, staff members of the California Department of Fish and Game (CDFG), with assistance from the State Water Resources Control Board, used a boat-mounted electroshocker to collect largemouth bass (Micropterus salmoides) and channel catfish (Ictalurus punctatus) from Lake Natoma. In September-October 2002, scientists from the U.S. Geological Survey (USGS) used a boat-mounted electroshocker to obtain bluegill (Lepomis macrochirus), largemouth bass, green sunfish (L. cyanellus), redear sunfish (L. microlophus), smallmouth bass (M. dolomieu), spotted bass (M. punctulatus), white catfish (Ameiurus catus), black bullhead (A. melas), brown bullhead (A. nebulosus), and rainbow trout (Oncorhynchus mykiss). In July 2003, scientists from the University of California, Davis (UCD) used a boat-mounted electroshocker and gill nets to capture largemouth bass and channel catfish.
Both catchable and subcatchable sizes of fish were collected as part of this study. Although the designation of a minimum size for catchable fish is often arbitrary, this study adopted either the minimum legal size limit established by the State of California (California Department of Fish and Game, 2002) or the minimum sizes for human consumption suggested by various authors. In Lake Natoma, the largemouth bass fishery is regulated by a minimum size restriction of 305 mm, whereas other fishes have no legal size restrictions (California Department of Fish and Game, 2002) . However, Bennett (1971) indicated that anglers generally keep fish of the following minimum sizes: for bluegill and other sunfishes, 152 mm; for bullheads (close relatives of the white catfish), 178 mm; and for channel catfish, 305 mm. According to Leitritz (1970 , cited by Edmondson, 2002 , a "harvestable trout" is a fish between 178 and 254 mm in length or about 182 g in weight.
Immediately after capture, fish retained for mercury determinations were measured for length, then placed into clean plastic ziplock bags (along with unique code identifiers) and chilled on wet ice. Within 24 hours, fish were weighed, then dissected and skinned to yield skinless fillets from both sides of each fish. The two fillets were weighed and wrapped in clean plastic sheets, double-bagged in clean plastic ziplock bags, and frozen (-10°C). The remaining carcass of each fish was then archived by wrapping and bagging in plastic before freezing. Frozen fish fillets collected during 2002 were stored for 2-3 months in a chest freezer before being shipped overnight with dry ice to the USGS Columbia Environmental Research Center (CERC). At CERC, samples were stored an additional 2-3 months before analysis.
Methods used to homogenize fillets varied according to the biomass of the sample. Large fillets (>500 g) were processed using a Hobart band saw, whereas intermediatesized fillets (100-500 g) were homogenized using a blender and an attached meat processor unit. Small fillets (20-100 g) were minced with a titanium knife. After homogenization, the samples were lyophilized using a Virtis Genesis 35EL freeze dryer to determine moisture content. Once dried, samples weighing more than 3 g were further homogenized with a Bamix mixer/blender, whereas smaller samples were ground mechanically with a glass rod. Dried samples were stored in glass vials in a desiccator.
Moisture content and total mercury concentration in fillets were determined either at CERC in Columbia, Missouri (fish samples collected in 2002), or at the UCD laboratory in Davis, California (fish samples collected in 2000 and 2003) . About 95-99% of the mercury in fish muscle tissues is methylmercury, approximately the same as total mercury; therefore, analyzing for either gives similar results (Grieb and others, 1990; Bloom, 1992; Wiener and Spry, 1996) . Total mercury was measured rather than methylmercury because of cost considerations.
At the CERC laboratory, total mercury was determined using a direct mercury analyzer. A dried fish sample (50-100 milligrams) was first combusted in a stream of oxygen. Then the volatilized sample was trapped by amalgamation on a gold substrate and thermally desorbed for quantification by atomic absorption spectrophotometry. A Milestone DMA-80 analyzer equipped with an automated sample carousel was used.
For quality control purposes, the samples of fish fillets analyzed by CERC were placed into 10 groups or blocks for determining mercury concentrations. Quality control procedures included analysis of blanks, replicate samples, pre-combustion spikes, and tissue reference materials. An independent calibration verification standard was analyzed at the beginning and end of each instrumental run to confirm calibration status of the DMA-80 system. Percentage errors varied from -6.3 to 7.8. Results from analyzing three reference fish tissues-CERC whole-body striped bass, 2.29 ± 0.05 µg Hg/g dry weight; National Institute of Standards and Technology (NIST) Research Material 50 albacore tuna fillet, 0.92 ± 0.02 µg Hg/g dry weight; and National Research Council Canada (NRCC) DORM-2 Certified Reference Material (CRM) dogfish muscle, 4.77 ± 0.09 µg Hg/g dry weight-were within certified or recommended ranges. Method precision, determined from triplicate analysis of 18 fish tissue samples, did not exceed 5.8% relative standard deviation [%RSD = standard deviation/(mean × 100)]; the method precision of most triplicate analysis sets was less than 3.0% RSD. Recovery of methylmercury from pre-combustion tissue spikes of methylmercury chloride varied from 102% to 111% (mean, 108%) compared to a control range of 80% to 120%.
The method detection limit (MDL) of an analytical procedure is defined as "the minimum concentration that can be determined with 99% confidence that the true concentration is greater than zero" (U.S. Environmental Protection Agency, 1984 Agency, , 1997 . The CERC laboratory computes its MDL using the formula MDL = 3(SD b 2 + SD s 2 ) 1/2 , where SD b is the standard deviation of a blank (N = 3) and SD s is the standard deviation of a low-concentration sample or spiked sample (N = 3), where N is the number of samples. The method quantitation limit (MQL) at the CERC laboratory is computed as 3.3 times the MDL.
Blank equivalent concentrations at the CERC laboratory were consistently less than the MDL (0.0007-0.0059 µg Hg/g dry weight), whereas the MQL values were 0.0023-0.0194 µg Hg/g dry weight. The instrument detection limit was 0.066 ng Hg. In all cases, these quality control results were within acceptable limits as specified by the CERC.
Fish fillets processed by the UCD laboratory were analyzed as fresh (wet) or dry. Fish collected in 2000 were analyzed as dried material because "freezer burn" had occurred in some samples after being stored frozen for more than a year prior to transfer to UCD. Fish collected in 2003 were analyzed as fresh material within 24 hours of collection and, in the case of channel catfish, as both fresh and dried material. Moisture percentage in the 2003 samples was determined by weighing before and after drying at 55°C, enabling dry results to be converted to a fresh weight basis. For samples collected in 2000 that sustained varied freezer desiccation, dry weight concentrations were converted to wet weight concentrations by using the relationship between size and moisture percentage derived from the same species in the samples collected by the USGS in 2002. The UCD fish samples were ground to a fine powder using a modified coffee grinder. Both fresh and dried samples were digested under pressure at 90°C in a mixture of concentrated nitric and sulfuric acids with potassium permanganate, then analyzed for total mercury by standard cold vapor atomic absorption spectrophotometry using a Perkin Elmer Flow-Injection Mercury System with AS-90 autosampler. Sufficient tissue biomass from each sample was archived (frozen) to allow for reanalysis.
The UCD mercury analyses were done with thorough quality control similar to that used by CERC. Quality control procedures for each analytical run included analysis of blanks, seven aqueous mercury standards, laboratory replicate samples, pre-digestion matrix spikes, matrix spike duplicates, and tissue reference materials with certified concentrations of Hg. During instrumental runs, additional quality control procedures consisted of independent aqueous-based calibration verification checks using a standard different from the one used to prepare the basic aqueous calibration series. Recoveries varied from 102.5% to 104.9% compared to a control range of 75% to 125%. Additionally, continuous within-run calibration was tested by repeatedly analyzing tissue-based samples. Recoveries from the within-run calibrations varied Table 1 . Vital statistics for fish species collected from Lake Natoma during 2000 through 2003, and moisture content and total mercury concentrations in their fillets.
[Except for moisture, values are geometric means (ranges in parentheses). For moisture, values are back-transformed angular means (ranges in parentheses). g, gram; mm, millimeter; N, number of samples; %, percent, µg/g, microgram per gram (equivalent to parts per million)]
Fish species
Year 
where v 1 and v 2 are values being compared} to 5.4 RPD and averaged 2.6 RPD. Recovery of mercury from tissues spiked prior to digestion varied from 86% to 98% (mean, 91%). At the UCD laboratory, the MDL is computed using a biological tissue sample with very low initial mercury content spiked with 5 times the estimated MDL concentration. The spiked solution is tested seven or more times and a standard deviation (SD) of the data set is determined. The MDL is calculated according to the formula: MDL = Student's t value × SD. The limit of quantitation (LOQ) is defined as the minimum concentration that can be determined using a defined probability value (P ≤ 0.01). The LOQ for the UCD laboratory is set at a value of ten times the SD of a blank solution (Keith, 1992) .
Blank equivalent concentrations were consistently less than the MDL (0.0001 to 0.0022 µg Hg/g dry weight), whereas the LOQ values were 0.0019 to 0.0056 µg Hg/g dry weight. The instrument detection limit was 0.004 µg Hg/g dry weight.
Overall, these quality control results were well within acceptable limits as specified by the UCD laboratory.
Mercury measurements by CERC and UCD were compared by using 20 samples of dried fish tissue spanning the full range of mercury concentrations encountered during this study. Dried splits of 10 channel catfish samples that were initially collected and processed by UCD were sent to CERC, and dried splits of 10 largemouth bass samples initially collected by USGS and processed by CERC were sent to UCD. Results of the intercomparison were excellent. The RPD was less than 8 for all 20 samples and was less than 5 for 16 of the 20 samples. Detailed results of the laboratory intercomparison, including a correlation plot of the results and tabulated data, are given in Appendix figure A1 and Appendix table A2 .
Computerized databases were created as Excel spreadsheets. Raw data were summarized by using SAS software and Lotus Freelance Graphics for Windows. Many variables measured during this study were not normally distributed. Even subjecting these variables to standard transformations (angular transformation for moisture content; logarithmic transformation for length, weight, and mercury concentration) did not always normalize the data. Consequently, with two exceptions, nonparametric techniques (for example, Spearman rank correlation) were used to describe relations among variables such as total length, weight, moisture content of fillet, and mercury concentration of fillet. The exceptions were computations of predictive equations for length-moisture relationships and length-mercury relationships. Unless specified otherwise, the level of significance for all statistical tests was P = 0.05.
Results
A total of 228 fish-fillet samples were analyzed for moisture content and mercury concentrations during this study (table 1) . Moisture content in various species ranged from 75.8% to 83.6%; total mercury concentrations ranged from 0.02 µg/g to 1.89 µg/g wet weight (henceforth, all refer- Table 2 . Spearman rank correlation coefficients for total length and weight of bluegill, redear sunfish, largemouth bass, and channel catfish, and moisture content and total mercury concentrations in their fillets.
[N, number of samples; P, probability value; ≤, less than or equal to] ences to mercury concentrations will refer to total mercury reported in terms of wet weight unless specified otherwise).
The species with highest maximum concentrations of mercury included brown bullhead (0.35 µg/g), redear sunfish (0.39 µg/g), spotted bass (0.49 µg/g), white catfish (0.56 µg/g), largemouth bass (1.02 µg/g), and channel catfish (1.88 µg/g). Sufficient sample sizes were available for bluegill, redear sunfish, largemouth bass, and channel catfish to determine if moisture content or mercury concentrations in fillets varied with length and weight. Moisture content was inversely correlated with length and weight in redear sunfish and largemouth bass, whereas no correlations were observed for these characteristics in bluegill and channel catfish (table 2). Mercury concentrations were directly correlated with length and weight for bluegill and largemouth bass, but not for redear sunfish and channel catfish. Although the Spearman rank correlation coefficients for channel catfish were relatively high (0.487 for the mercury-length relation and 0.573 for the mercury-weight relation), the P values for these relations were >0.05.
One of 86 largemouth bass and 11 of 11 channel catfish from Lake Natoma exceeded the FDA action level of 1.0 µg Hg/g (figs. 2-6). In addition, 1 of 20 redear sunfish, 26 of 86 largemouth bass, 1 of 1 brown bullhead, 2 of 3 spotted bass, and 1 of 1 white catfish exceeded the U.S. Environmental Protection Agency fish tissue residue criterion of 0.30 µg Hg/g. These results confirm that some fish species inhabiting Lake Natoma contain undesirably high concentrations of mercury in their skinless fillets. 2000, 2002, and 2003 . The relation between TL and Hg was described by a "best fit" power-curve equation as follows: Hg = 0.000112 × TL 1.42 , R 2 = 0.819. FDA, Food and Drug Administration; USEPA, U.S. Environmental Protection Agency. 
Summary of Total Mercury Concentrations in Fillets of Selected Sport Fishes Collected during 2000-2003 from Lake Natoma
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Discussion
A number of field investigations involving a variety of fish species indicate that mercury concentrations typically increase with size and age of fish (Lange and others, 1993, 1994; Wiener and Spry, 1996) . In Lake Natoma, the mercury concentrations in fillets of bluegill and largemouth bass, but not redear sunfish and channel catfish, increased as fish increased in total length and weight (table 2) .
Although fish are exposed to mercury and methylmercury from both water (Olsen and others, 1973) and food (Phillips and Buhler, 1978; Phillips and Gregory, 1979; Turner and Swick, 1983; Rogers and others, 1987) , bioaccumulation of methylmercury through the food chain plays a more important role in determining fish methylmercury body burdens (Spry and Wiener, 1991; Watras and Bloom, 1992; Wiener and Spry, 1996) . Fish assimilate 15-20% of the methylmercury present in their forage (Phillips and Gregory 1979) and the rate of methylmercury eliminations is slow relative to the rate of uptake (Laarman and others, 1976; McKim and others,1976; Weiner and Spry, 1996) , resulting in a net increase in mercury body burdens. MacCrimmon and others (1983) observed increased rates of mercury accumulation in lake trout (Salvelinus namaycush) when the young switched from a diet of invertebrates to forage fish. Wren and MacCrimmon (1986) also observed that piscivorous fish had higher concentrations of mercury than prey fish of comparable age.
In Lake Natoma, top-level predators such as spotted bass, largemouth bass, white catfish, and channel catfish had higher concentrations of mercury than did lower trophic level insectivores or planktivores such as bluegill, redear sunfish, and rainbow trout (table 1) . Moreover, smaller bass, which generally feed on zooplankton and small insects, contained lower concentrations of mercury than did larger bass that feed primarily on large-bodied invertebrates (for example, crayfish) and forage fish (Moyle, 2002) . Although size-related increases in mercury body burdens were anticipated in channel catfish, our failure to detect significant correlations may have been due to small sample size (only 11 individuals were captured during our study). Mercury concentrations were weakly correlated with size of bluegill and not correlated with size of redear sunfish, possibly because juveniles and adults of these species tend to forage on similar foods (zooplankton, immature aquatic insects, and other benthic invertebrates, although mollusks are usually less conspicuous in diets of bluegill than redear sunfish; Moyle, 2002) . Unlike adult largemouth bass and channel catfish, bluegill and redear sunfish are seldom piscivorous.
In response to data generated by this study and related investigations, the California Environmental Protection Agency's Office of Environmental Health Hazard Assessment (OEHHA) issued a draft fish-consumption advisory report that offered guidelines for human consumption of fish (Klasing and Brodberg, 2004) . The proposed guidelines call for "women of childbearing age and children age 17 and younger [to] eat no channel catfish from Lake Natoma and the lower American River. White catfish, bass, pikeminnow, or sucker should be consumed no more [than] one meal per month from these water bodies. Additionally, these individuals should eat no more than four meals per month of bluegill or sunfish species." Moreover, "[f]or women beyond their childbearing years and men, OEHHA recommends that channel catfish and bass be consumed no more than once per month from Lake Natoma and the lower American River. Additionally, white catfish, pikeminnow, and suckers should be consumed no more than four meals per month." OEHHA also recommends that this subpopulation eat no more than 12 meals per month of bluegill or other sunfish species. The final version of the OEHHA fish-consumption advisory was approved by the State of California in July 2003 and is scheduled for publication in September 2004 (http://www.oehha.ca.gov/fish/so_cal/ fnatoma.html).
Summary
Mercury contamination from historic gold mining operations is widespread in many rivers, lakes, and reservoirs on the western slopes of the Sierra Nevada. This has lead to concern for the health of those who consume fish from these bodies of water. Fish were collected from Lake Natoma on the American River during August 2000, September-October 2002, and July 2003 from as many as six general locations. Moisture content and total mercury concentration in fillets were determined at two separate laboratories.
One of 86 largemouth bass and 11 of 11 channel catfish from Lake Natoma exceeded the FDA action level of 1.0 µg Hg/g (microgram of mercury per gram). In addition, 1 of 20 redear sunfish, 26 of 86 largemouth bass, 1 of 1 brown bullhead, 2 of 3 spotted bass, and 1 of 1 white catfish exceeded the U.S. Environmental Protection Agency fish tissue residue criterion of 0.30 µg Hg/g. These results confirm that some fish species inhabiting Lake Natoma contain undesirably high concentrations of mercury in their skinless fillets.
In response to data generated by this study and other related investigations, [Wet-weight concentrations of mercury were calculated from dry-weight concentrations and moisture values unless indicated otherwise. SL, standard length; TL, total length; Wt., weight; Moist., moisture content; Hg, mercury. Site abbreviations (see locations in figure 1): AC, Alder Creek arm; DAM, Nimbus Dam; MB, Mississippi Bar; NB, Negro Bar; NS, Natomas Slough; WC, Willow Creek arm. Species abbreviations: BB, brown bullhead; BG, bluegill; BLB, black bullhead; CCF, channel catfish; GS, green sunfish; LMB, largemouth bass, RBT, rainbow trout; RE, redear sunfish; SMB, smallmouth bass; SPB, spotted bass; WCF, white catfish. mm, millimeter; g, gram; µg/g, microgram per gram (equivalent to parts per million); %, percent; -, no data.]
